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Introduction {#sec001}
============

With human activities contributing to climate change \[[@pgen.1007731.ref001]\], it has become urgent to pinpoint the ecological and evolutionary mechanisms by which natural populations adapt at different rates of environmental change. It is generally accepted that lower rates of environmental change allow more time for beneficial mutations to appear, to be selected, and, as a consequence, to promote adaptation and rescue populations before environmental degradation leads to their extinction \[[@pgen.1007731.ref002]--[@pgen.1007731.ref006]\]. Experimental evolution results from studies with microbes that depend on *de novo* mutation support the idea that slower environmental change facilitates adaptation \[[@pgen.1007731.ref007]--[@pgen.1007731.ref010]\]. Unlike microbial experimental evolution, however, most species in nature have small populations, are genetically structured by geography, breeding mode or reproduction system, and might have long generation times. In all these cases, adaptation to changing environments will likely depend on standing genetic variation, and less so on *de novo* mutation \[[@pgen.1007731.ref011], [@pgen.1007731.ref012]\].

Adaptation to changing environments from standing genetic variation is conditional on how each extant genotype performs within the environments that may be encountered in the near future ([Fig 1A](#pgen.1007731.g001){ref-type="fig"}). Depending on the shape of these "fitness reaction norms" \[[@pgen.1007731.ref003], [@pgen.1007731.ref010], [@pgen.1007731.ref013]\], and previous evolutionary history responsible for standing genotype frequencies \[[@pgen.1007731.ref005], [@pgen.1007731.ref014]\], natural selection may initially favor genotypes at intermediate challenging environments that are not necessarily the best at the more extreme environments. In other words, adaptation will depend on standing genotype-by-environment (GxE) fitness variance \[[@pgen.1007731.ref011]\], until *de novo* mutations or new recombinant genotypes escape genetic drift and start to be selected upon \[[@pgen.1007731.ref015]\].

![Fitness reaction norms and experimental evolution design.\
(A) Heritable genotype-by-environment (GxE) fitness variance implies that genotypes (colored lines) have different growth rates along the value of the environmental factor(s) considered \[[@pgen.1007731.ref003], [@pgen.1007731.ref013]\]. The function of each genotype's growth rate with environmental value can be denominated its "fitness reaction norm". Under density- and frequency-independent conditions, the relative magnitude of genotypic growth rates to the average population growth rate (thick line) will determine its deterministic frequency trajectory during evolution \[[@pgen.1007731.ref025]\]. In general, fitness reaction norms of genotypes present in standing genetic variation will cross each other somewhere along the environmental value. A history of evolution in variable environments, with balancing selection, or population structure, for example, will determine the extent of GxE fitness variance in the ancestral population above that expected under a mutation-drift equilibrium. Crossing of fitness reaction norms means that genotypes will be favored at some environmental values while disfavored in others. Assuming no input from mutation or recombination during evolution, with a sudden change to an environmental value of 1 (vertical dotted line), from an ancestral environment 0, selection will favor the grey genotype, while under a gradual change selection will initially favor the red genotype, then the blue one, and only at a later period the grey genotype. Vertical lines broadly define the three population genetic stages expected under a gradual environmental change. In a first stage (I), the best genotype at the most extreme environment (i.e., the grey genotype) will be selected against and kept at such low frequency that its stochastic loss by genetic drift is likely under small population sizes. In a second stage (II), around where the fitness reaction norms cross, reduced fitness variance will slow down adaptive changes in allele frequency \[[@pgen.1007731.ref016]\], and depending on the amount of standing variation \[[@pgen.1007731.ref011]\], the best genotypes can be kept at such low frequencies that again their stochastic loss is likely. Under slower environmental change, therefore, a population will spend more time in stages I and II, reducing the chance that the best genotypes will be present at a third stage (III), when they can be selectively favored. Assuming no *de novo* mutation or recombination during gradual evolution the loss of the best genotypes will restrict adaptation to the most extreme environment \[[@pgen.1007731.ref011]\]. At stage III, it is also possible, particularly in large populations with limited recombination between extant genotypes, that interference between the best genotypes (the grey and the blue genotypes for example) will transiently reduce selection efficacy on the best one \[[@pgen.1007731.ref028], [@pgen.1007731.ref029]\]. This interference process in turn will favor stochastic loss of the best genotypes if at the start of stage III they are at low frequencies. Note that without prior knowledge of fitness reaction norms, genotypes that increase in frequency and then decrease in frequency (for example the red genotype) would suggest the presence of negative-frequency dependence. (B) Experimental evolution design reported in \[[@pgen.1007731.ref018]\] ([S1 Table](#pgen.1007731.s019){ref-type="supplementary-material"}), used here to address whether slower environmental change hinders adaptation. A single 140-generation lab-adapted *C*. *elegans* population with abundant genetic diversity \[[@pgen.1007731.ref019], [@pgen.1007731.ref021]\], reproducing only by self-fertilization, was the ancestor for experimental evolution \[[@pgen.1007731.ref018]\]. In the sudden regime, 4 replicate populations were faced from the first generation onwards to 305 mM NaCl in their growth media (high salt, black line). In the gradual regime, 7 replicate populations were faced with an 8 mM NaCl increase each generation until generation 35, being then kept at 305 mM until generation 50 (dark grey). In the control regime, 3 replicate populations were kept at 25 mM NaCl, the conditions to which the ancestor was adapted to (light grey). Here we genotype individual hermaphrodites at several time points during experimental evolution, at single nucleotide polymorphisms (SNPs) across pairs of chromosomes (vertical dashed lines, [Fig 2](#pgen.1007731.g002){ref-type="fig"} and [Fig 3](#pgen.1007731.g003){ref-type="fig"}). Analysis of this data allow us to infer the fitness reaction norms of extant genotypes and predict with a deterministic model their frequency trajectories ([Fig 4](#pgen.1007731.g004){ref-type="fig"} and [Fig 5](#pgen.1007731.g005){ref-type="fig"}), which are then empirically validated ([Fig 6](#pgen.1007731.g006){ref-type="fig"}). To address the role of genetic drift and founder effects in the loss of the best genotypes during slower rates of environmental change we perform a second set of evolution experiments, where 7 of the gradual populations at generation 35 are kept in constant high salt for an extra 30 generations ([Fig 7](#pgen.1007731.g007){ref-type="fig"}).](pgen.1007731.g001){#pgen.1007731.g001}

Understanding the population genetic dynamics of adaptation from standing genetic variation to changing environments has only been recently formalized using a moving polygenic trait optimum model \[[@pgen.1007731.ref011]\]. In contrast to evolution from *de novo* mutation, one of the strongest conclusions from ref. \[[@pgen.1007731.ref011]\] was that slower environmental change can restrict adaptation when evolving populations depend on standing genetic variation. One reason for this is that the maintenance of standing genetic variation for longer periods can result in reduced fitness variance and thus reduced rates of adaptation \[[@pgen.1007731.ref016], [@pgen.1007731.ref017]\] (Stage II in [Fig 1A](#pgen.1007731.g001){ref-type="fig"}). Another reason is that since all populations are finite, and may suffer bottlenecks in the novel environments, the longer it takes to reach the most extreme environments (Stages I and II in [Fig 1A](#pgen.1007731.g001){ref-type="fig"}) the more probable it is that the best genotypes are lost by genetic drift or by founder effects and thus be unavailable when populations reach the extreme environments (Stage III in [Fig 1A](#pgen.1007731.g001){ref-type="fig"}). Because of standing variation for GxE fitness interactions, this later process will be more pronounced if the best genotypes at the extreme environments are initially selected against in the less extreme environments (Stage I in [Fig 1A](#pgen.1007731.g001){ref-type="fig"}). In general, whether or not a population has standing genetic variation is expected to greatly affect the tempo and mode of adaptation in changing environments.

Given a fixed amount of standing genetic variation, and assuming no input of *de novo* mutation or new recombinant genotypes during evolution, we here experimentally test how the rate of environmental change affects adaptation. We investigate whether slower environmental change can constrain adaptation because of the loss of extant genotypes that would perform best in the most extreme environments. These genotypes may be lost during the period of environmental change via genetic drift or founder effects. To this end we performed experimental evolution under a sudden or gradual environmental change ([Fig 1B](#pgen.1007731.g001){ref-type="fig"}), using populations of the nematode *Caenorhabditis elegans* with standing genetic variation and where individuals can only reproduce by self-fertilization. In this situation, we expect that asexual population genetic dynamics will be followed and that they will depend on standing GxE fitness variance. At several periods we collected genome-wide single-nucleotide polymorphism (SNP) data and used these to infer the fitness reaction norms of the genotypes that were present in the ancestral population as well as their expected frequency changes during experimental evolution due to selection. We performed a second set of evolution experiments where we test for the repeatability of adaptation in the most extreme environment to show that genetic drift and founder effects during prior gradual evolution can lead to the loss of the best genotypes and impact selection efficacy.

Results {#sec002}
=======

Experimental evolution in changing environments {#sec003}
-----------------------------------------------

As previously reported in ref. \[[@pgen.1007731.ref018]\], we performed experimental evolution for 50 generations in the nematode *C*. *elegans* under different rates of change in the NaCl (salt) concentration that individuals experience from early larvae to adulthood ([Fig 1B](#pgen.1007731.g001){ref-type="fig"}). In one regime, populations were suddenly placed in high salt concentration conditions (305 mM NaCl) and then maintained in this environment for 50 generations (see [Materials and Methods](#sec014){ref-type="sec"} and [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.1). In another experimental evolution regime, populations faced gradually increasing salt concentrations for 35 generations, being thereafter maintained in constant high salt for an extra 15 generations. For the "sudden" regime, 4 replicate populations undergoing independent evolution were followed, while for the "gradual" regime we followed 7 replicate populations ([S1 Table](#pgen.1007731.s019){ref-type="supplementary-material"}). All populations were derived from a single ancestor population adapted for 140 generations to lab conditions (25 mM NaCl), after initial hybridization of several wild isolates \[[@pgen.1007731.ref019]\], that has abundant genetic diversity (expected SNP heterozygosity of \~0.3, for 1 SNP per kbp on average, presumably maintained in excess by balancing selection at overdominant loci, see \[[@pgen.1007731.ref020], [@pgen.1007731.ref021]\]) but where individual hermaphrodites reproduce exclusively by self-fertilization (obtained by the introgression of a male-killing mutant to the lab adapted population, cf. \[[@pgen.1007731.ref018]\]). Hermaphrodites are expected to be mostly homozygous throughout their genome before the start of experimental evolution in changing salt environments \[[@pgen.1007731.ref018], [@pgen.1007731.ref022]\]. Except for salt concentrations, the same life-cycle of discrete and non-overlapping generations at stable census population sizes of 10^4^ hermaphrodites at the time of reproduction were maintained as during lab adaptation. Lab adaptation occurred under partial self-fertilization and outcrossing, with an estimated effective population size of the order of 10^3^ \[[@pgen.1007731.ref020]\]. With exclusive self-fertilization this number should be halved to at least 500 \[[@pgen.1007731.ref022]\]. A control regime with 3 replicate populations was also maintained at the 25 mM NaCl conditions of lab adaptation. Given exclusive self-fertilization, the expected effective population sizes, and the time span of experimental evolution, *de novo* mutation or new recombinants from standing genetic variation should not contribute much to adaptation to high salt concentrations \[[@pgen.1007731.ref011], [@pgen.1007731.ref023]\].

Observed population genetic dynamics during experimental evolution {#sec004}
------------------------------------------------------------------

During experimental evolution, we measured the frequency of biallelic SNPs obtained from genotyping hermaphrodites in the ancestral population and the evolved populations at generations 10, 35 and 50 (Figs [1B](#pgen.1007731.g001){ref-type="fig"} and [2A](#pgen.1007731.g002){ref-type="fig"}). All replicate populations from the control and sudden regimes were genotyped, while from the gradual regime we genotyped 4 out of the 7 replicates (see [Materials and Methods](#sec014){ref-type="sec"} and [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.6 for the genotyping protocol, and [S1 Fig](#pgen.1007731.s002){ref-type="supplementary-material"} for SNP density and sample sizes). SNPs were chosen based on the known diversity present in the 140 generation lab adapted population \[[@pgen.1007731.ref021]\], and the expected genetic distance between them \[[@pgen.1007731.ref024]\]([S1A Fig](#pgen.1007731.s002){ref-type="supplementary-material"}). Given the limited amount of genomic DNA per hermaphrodite to perform whole-genome genotyping at a high density, we chose to genotype each hermaphrodite only in a pair of chromosomes (*C*. *elegans* is diploid with six similarly-sized chromosomes, for a genome of 100 Mbp), with the objective of sampling haplotypes at relatively low frequencies ([Fig 2A](#pgen.1007731.g002){ref-type="fig"}).

![Standing genetic variation.\
(A) Each of the individuals sampled from the various populations during experimental evolution were genotyped for biallelic SNPs located in a pair of chromosomes. This approach was employed due to the limited amount of genomic DNA available for the genotyping method used. The pairs of chromosomes are referred to as: region 1 (chromosomes I and II), region 2 (chromosomes III and IV) and region 3 (chromosomes V and X). The haplotypes defined by the SNPs genotyped in a certain chromosome are referred to as chromosome-wide haplotypes (CWHs). In this way, the CWHs in the chromosomes that were not assayed in an individual can be conceptualized as missing data, denoted by the interrogation marks. Shown are the number of SNPs assayed in each chromosome, and the total number of CWHs that were measured, after quality control. Details on the SNPs density and number of individuals genotyped in each of the populations can be found in [S1 Fig](#pgen.1007731.s002){ref-type="supplementary-material"}. (B) Given the genotyping data, a CWH consists of the alleles observed in each of the target sites in a single chromosome. The alleles observed in the target sites in the respective pair of chromosomes define the region-wide haplotype (RWH) for the individual, equivalent to concatenating the two corresponding CWHs. The figure shows the number of distinct CWHs and RWHs observed within each region, computed considering the full dataset (across time points and populations sampled). Since a RWH is defined by the CWHs in each of the two chromosomes in a region, the number of distinct RWHs is bounded below by the minimum of the number of distinct CWHs observed in the two respective chromosomes (reflecting the existence of linkage disequilibrium), and bounded above by the product of these two numbers (no linkage). The data indicate that linkage is strong since the number of distinct RWHs is comparable to those of distinct CWHs but not complete. Similarly, the number of lineages present in the lab-adapted ancestral population is bounded below by the product of the number of distinct RWHs in each of the three regions, indicating that the number of lineages in the ancestral population must be greater than or equal to 212. Data available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.76n6f7c> \[[@pgen.1007731.ref054]\].](pgen.1007731.g002){#pgen.1007731.g002}

With self-fertilization and complete linkage disequilibrium, the number of observed chromosome-wide haplotypes (CWH) should be similar to the number of observed "region-wide" haplotypes (RWH), each defined by a pair of homozygous chromosomes in each hermaphrodite ([Fig 2A](#pgen.1007731.g002){ref-type="fig"}). We estimate, however, that linkage disequilibrium is not complete since when we take the data from all populations and time points into consideration between 5% and 21% more RWHs than CWHs are found, depending on the region ([Fig 2B](#pgen.1007731.g002){ref-type="fig"}), with the majority of them being at low frequencies across the dataset ([S2 Fig](#pgen.1007731.s003){ref-type="supplementary-material"}). We estimate that the ancestral population must have segregated at least 212 RWHs (the minimum observed number), and by extrapolation at least the same number of whole-genome haplotypes although many more are possible (see [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.11).

To facilitate computation, we grouped minor frequency region-wide haplotypes (RWHs) in each replicate population into a single class (see [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.10, and [S2](#pgen.1007731.s003){ref-type="supplementary-material"} and [S3](#pgen.1007731.s004){ref-type="supplementary-material"} Figs). We find that the majority of RWHs in the ancestral population are quickly selected against under all experimental evolution regimes ([Fig 3](#pgen.1007731.g003){ref-type="fig"}). By generation 50, all populations are dominated by a single RWH in each of the two-chromosome regions. Populations faced with a sudden change in the first generation followed by constant high salt (305 mM NaCl) consistently show a single haplotype sweeping and nearing fixation by generation 50. In contrast, populations faced with a gradual increase in salt until generation 35 showed a different haplotype initially sweeping but then reverting in frequency when they were kept in the target high salt environment for another 15 generations. Control populations also show that a single RHW per genomic region sweeps through them. This is the same haplotype as that found during initial gradual evolution, suggesting continued lab adaptation under exclusive self-fertilization independently of salt \[[@pgen.1007731.ref018]\].

![Observed experimental population genetic dynamics.\
(A-C) Observed frequency of region-wide haplotypes (RWH) during experimental evolution, for region 1 (A), region 2 (B) and region 3 (C). Upper rows show the responses in the control populations, middle rows for the gradual populations and bottom rows for sudden populations. Left columns show the class of minor frequency RWH that were grouped into a single class (named H0A, H0B and H0C). They indicate that the majority of haplotypes are quickly selected against under all experimental evolution regimes. Middle and right columns show the two haplotypes showing the greatest frequency change during experimental evolution. Points and error bars are the mean and one standard error of the observed haplotype frequencies among replicate populations. Line and shaded grey area are the frequency RWH trajectories inferred by modeling linear fitness reaction norms (see next [Fig 4](#pgen.1007731.g004){ref-type="fig"} and [Fig 5](#pgen.1007731.g005){ref-type="fig"}). Data available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.76n6f7c> \[[@pgen.1007731.ref054]\].](pgen.1007731.g003){#pgen.1007731.g003}

Modeling selection in changing salt environments {#sec005}
------------------------------------------------

Since experimental evolution occurred under exclusive self-fertilization and we assume complete homozygosity, the fitness reaction norms of genome-wide haplotypes, here defined as "lineages", are the key variables for describing selection in changing salt environments, and thus the eventual outcome of adaptation to the extreme high salt environment ([Fig 1](#pgen.1007731.g001){ref-type="fig"}). The non-monotonic RWH frequency dynamics observed in the gradual populations in particular ([Fig 3](#pgen.1007731.g003){ref-type="fig"}) can be explained by the crossing of fitness reaction norms somewhere along the salt gradient but, conceivably, also by negative frequency-dependent selection among segregating lineages \[[@pgen.1007731.ref015]\].

To detect selection in changing environments, we adapted standard population genetics modeling \[[@pgen.1007731.ref025]\] to infer the fitness reaction norms of segregating lineages and their expected frequency dynamics ([S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.8). We model a single additive multi-allelic locus in effectively asexual populations, and thus do not specifically account for dominance or epistasis. We further modeled deterministic environmental and population genetics (i.e., there are no genotype frequency changes and no genotype extinction/fixation due to random environmental fluctuations or finite population sizes), with discrete non-overlapping generations and viability selection.

We consider that the environment faced in a given generation is represented by a single environmental value *x*, in our case corresponding to the NaCl concentration ([Fig 1B](#pgen.1007731.g001){ref-type="fig"}). A population is composed of *G* genome-wide lineages, with the fitness reaction norm for lineage *k* being described by *λ*~*k*~(*x*) ([Fig 4](#pgen.1007731.g004){ref-type="fig"}), corresponding to the expected absolute number of live offspring produced under environment *x*. Selection is defined by the per generation growth multiplier (growth rate) of each lineage relative to mean population fitness--with the frequency of each lineage expected to follow a deterministic logistic frequency trajectory \[[@pgen.1007731.ref025], [@pgen.1007731.ref026]\]. Our model allows for any parameterization of the fitness reaction norms although we only investigate linear and quadratic functions.

![Overview of the model used for reconstructing the lineage fitness reaction norms and their frequency dynamics.\
In our genotyping scheme ([Fig 2](#pgen.1007731.g002){ref-type="fig"}), the combination of region-wide haplotypes (RWHs, [Fig 2](#pgen.1007731.g002){ref-type="fig"} and [Fig 3](#pgen.1007731.g003){ref-type="fig"}) define standing ancestral variation in genome-wide haplotypes or "lineages". Fitness reaction norms are inferred from the fitness data (on the ancestral population, see [Fig 6](#pgen.1007731.g006){ref-type="fig"}) and the genotyping data ([Fig 3](#pgen.1007731.g003){ref-type="fig"}) assuming that the log-transformed RWH fitness reaction norms follow specific functional form, for example a linear function of the environmental value. The lineage fitness reaction norm of a lineage is the sum, in log space, of the component RWH reaction norms.](pgen.1007731.g004){#pgen.1007731.g004}

Inferring the fitness reaction norms of standing genetic variation {#sec006}
------------------------------------------------------------------

To infer the frequency dynamics of the lineages during experimental evolution, we developed a maximum-likelihood model that estimates the parameters describing the fitness reaction norms of these lineages ([S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.9). For this, we rely on genotyping data, consisting of the number of each RWH observed when genotyping the populations in various time-points. Since the model is parameterized on absolute fitness, we also rely on fitness data, which serves to properly scale the estimated parameters.

Inference is done in several steps, illustrated in [Fig 4](#pgen.1007731.g004){ref-type="fig"}. We first sample the lineages that likely compose the ancestral population, taking the sample sizes and estimated RWHs frequencies into consideration, since the true lineage identities and their starting frequencies are unknown ([S4 Fig](#pgen.1007731.s005){ref-type="supplementary-material"} and [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.11). We then estimate the parameters for the fitness reaction norms of the various RWHs constituting a lineage (each determined by the combination of sampled RWHs, assuming linkage equilibrium among them), and define that the lineage parameters are the sum, in log space, of their constituent RWH parameters ([Fig 4](#pgen.1007731.g004){ref-type="fig"}). The final likelihood depends on the probability of observing the mean ancestral population fitness (in low and high salt, see below) and the observed RWH time series (for all populations and regimes), given the sampling done to identify the lineages and their frequencies in the ancestral population.

We initially modelled linear fitness reaction norms and found that two lineages dominate the population genetic dynamics. The measured RWH frequency dynamics ([Fig 3](#pgen.1007731.g003){ref-type="fig"}) are consistent with a single lineage sweeping through the sudden populations ([Fig 5](#pgen.1007731.g005){ref-type="fig"}), which we label L28 (see below). In contrast to the sudden populations, the gradual populations had an initial increase of a lineage other than L28 (labeled L11), but then started to be overtaken by L28 after the 15 generations of high salt ([Fig 5](#pgen.1007731.g005){ref-type="fig"}; see [S5](#pgen.1007731.s006){ref-type="supplementary-material"}--[S7](#pgen.1007731.s008){ref-type="supplementary-material"} Figs for detailed frequency dynamics of major constituent RWHs in each genomic region in all replicate populations and regimes). L11 clearly shows a non-monotonic trajectory in the gradual populations, initially being positively selected and later being negatively selected. Under all experimental evolution regimes, a few other lineages are predicted to also explain population genetic dynamics, although these lineages do not regularly approach a frequency above 15% at any period ([S8 Fig](#pgen.1007731.s009){ref-type="supplementary-material"}: see, for example, lineages 13 and 20 in the sudden and gradual populations, or lineage 470 in the control populations). We reach the same conclusions regarding RWHs ([S9 Fig](#pgen.1007731.s010){ref-type="supplementary-material"}) and lineage ([S10 Fig](#pgen.1007731.s011){ref-type="supplementary-material"}) frequency dynamics when we used a quadratic parameterization for the reaction norms.

![Fitness reaction norms of the two lineages explaining most population genetic dynamics.\
(A) From [Fig 3](#pgen.1007731.g003){ref-type="fig"}, RWHs H1A1, H1B1 and H1C1 define lineage L28, while RWHs H2A2, H2B2 and H2C3 define lineage L11 (see also [S5](#pgen.1007731.s006){ref-type="supplementary-material"}--[S7](#pgen.1007731.s008){ref-type="supplementary-material"} Figs and [S2 Table](#pgen.1007731.s020){ref-type="supplementary-material"}). The figure shows the inferred lineage fitness reaction norms of the L28 (red) and L11 (blue) lineages, when sampling standing genetic variation of the ancestral population 20 times. (B) We modeled selection assuming infinite population sizes and that the lineage frequency dynamics were a deterministic function of the previous generation. Predicted L28 and L11 frequency trajectories under our model with the linear reaction norms of (A). Trajectories were evaluated over 100 generations, assuming that the gradual populations would be kept under constant high salt from generation 35 onwards (left vertical dashed line). The second set of evolution experiments (described below, [Fig 7](#pgen.1007731.g007){ref-type="fig"}), were run for 30 generations from the 7 replicate gradual populations at generation 35 (right vertical dashed line). Detailed trajectories for other inferred lineages are shown in [S8 Fig](#pgen.1007731.s009){ref-type="supplementary-material"}. Shaded colors correspond to the credible intervals obtained when sampling the ancestral population 20 times, with the line showing the median. [S9 Fig](#pgen.1007731.s010){ref-type="supplementary-material"} shows the RWHs trajectories and [S10 Fig](#pgen.1007731.s011){ref-type="supplementary-material"} shows lineage trajectories under quadratic fitness reaction norms. [S11](#pgen.1007731.s012){ref-type="supplementary-material"} and [S12](#pgen.1007731.s013){ref-type="supplementary-material"} Figs show the expected mean and variance in population fitness under linear and quadratic functions. Data available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.76n6f7c> \[[@pgen.1007731.ref054]\].](pgen.1007731.g005){#pgen.1007731.g005}

[S11](#pgen.1007731.s012){ref-type="supplementary-material"} and [S12](#pgen.1007731.s013){ref-type="supplementary-material"} Figs show the expected dynamics of the mean and the variance in population fitness under linear and quadratic models, respectively. Under the linear model, adaptation to intermediate salt conditions in the gradual regime results in a great loss of fitness variance. At the same time, mean population fitness also decreases, a result that is consistent with the existence of an adaptive "lag load", cf. \[[@pgen.1007731.ref002], [@pgen.1007731.ref011]\], since L28 is for most periods not being selected. In the sudden regime, mean population fitness strictly increases while L28 is being positively selected. Under the quadratic model, dynamics are more idiosyncratic in the gradual regime, but mean population fitness decreases to similar levels as in the linear model, and then recovers at a similar pace.

Empirical validation of fitness reaction norms {#sec007}
----------------------------------------------

We measured the ancestral population absolute fitness as the growth rate over one generation at 25 mM and 305 mM NaCl to help with the inference of fitness reaction norms (see previous section, [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.3). We first sought to validate the analysis by measuring the ancestral population absolute fitness at an intermediate salt concentration (225 mM NaCl). Results show that there is a large difference between the expected and observed fitness values at 225 mM NaCl ([Fig 6A](#pgen.1007731.g006){ref-type="fig"}), although they are intermediate to 25 mM and 305 mM NaCl. The discrepancy between observed and expected fitness values was anticipated since our inference at 225 mM NaCl was only informed by the observed RWHs frequencies in the gradual populations at generation 25 ([Fig 1B](#pgen.1007731.g001){ref-type="fig"} and [S5](#pgen.1007731.s006){ref-type="supplementary-material"}--[S7](#pgen.1007731.s008){ref-type="supplementary-material"} Figs).

![Evaluating the model predictions using fitness data.\
(A) Absolute fitness of the ancestor lab-adapted population at three salt concentrations (mean ± SE). The point and dashed error show the expected absolute fitness of the ancestral population, when modelling linear fitness reaction norms of all segregating lineages (from [S11 Fig](#pgen.1007731.s012){ref-type="supplementary-material"}). At 25 mM and 305 mM NaCl the predicted values exactly match the observed values since they were used for inference. (B) Absolute fitness of the lines L28 and L11 at three salt concentrations (mean ± SE), with points and dashed lines as in (A) (from [Fig 5A](#pgen.1007731.g005){ref-type="fig"}). (C) From (B), estimates (mean ± SE) of the expected relative fitness of L28 to L11 at three salt concentrations. (D) Similar to (C), but estimates from competitive fitness assays between L28 and L11. From ref. \[[@pgen.1007731.ref021]\], the two inferred L28 and L11 lineages were identified after genome-wide sequencing of 100 lines derived from two gradual populations at generation 50 ([S13 Fig](#pgen.1007731.s014){ref-type="supplementary-material"} and [S2 Table](#pgen.1007731.s020){ref-type="supplementary-material"}). For the competitions shown in (D), frequency estimates of L28 and L11 were obtained using pooled-genotyping data on 18 SNPs that differ in L28 and L11 (see [S14 Fig](#pgen.1007731.s015){ref-type="supplementary-material"} for calibration curves on these SNPs, and [S15 Fig](#pgen.1007731.s016){ref-type="supplementary-material"} for our ability to differentiate L28 from L11). Data available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.76n6f7c> \[[@pgen.1007731.ref054]\].](pgen.1007731.g006){#pgen.1007731.g006}

More directly, we sought to validate the analysis by measuring the fitness reaction norms of the two lineages (L11 and L28) that appear to dominate the population genetic dynamics during experimental evolution ([Fig 5](#pgen.1007731.g005){ref-type="fig"} and [S8 Fig](#pgen.1007731.s009){ref-type="supplementary-material"}). Using whole-genome sequencing data on 100 lineages derived from two gradual populations at generation 50 (as reported in \[[@pgen.1007731.ref021]\]), we identified those corresponding to L28 and L11 ([S13 Fig](#pgen.1007731.s014){ref-type="supplementary-material"} and [S2 Table](#pgen.1007731.s020){ref-type="supplementary-material"}). Our model predicts that the linear or quadratic fitness reaction norms of these two lineages cross between 200--250 mM NaCl (Figs [5A](#pgen.1007731.g005){ref-type="fig"} and [S10A](#pgen.1007731.s011){ref-type="supplementary-material"}). To test this prediction, we revived L28 and L11 from frozen stocks and assayed their absolute fitness at 25 mM, 225 mM and 305 mM NaCl. Absolute fitness was measured as the growth rate over two generations under non-competitive conditions. We find a close agreement with the model in that the lineages' reaction norms cross at about 225 mM NaCl ([Fig 6B and 6C](#pgen.1007731.g006){ref-type="fig"}), even if the observed values are higher than the predicted ones. At 25 mM NaCl there is a larger difference between observed and expected fitness values than at other salt concentrations. Differences between observed and expected fitness values can be explained by the low frequency of these two lineages in the ancestral and control populations (those that experienced 25 mM NaCl), and the gradual populations when at 225 mM NaCl by generation 25. Supporting our interpretation, the observed fitness values at 305 mM NaCl closely match the expected fitness values ([Fig 6B and 6C](#pgen.1007731.g006){ref-type="fig"}), particularly for the L28 lineage. In this case the inference was mostly informed by the lineages segregating in the sudden populations, as they always experienced this salt concentration during experimental evolution ([S8 Fig](#pgen.1007731.s009){ref-type="supplementary-material"}).

It is possible that non-transitive interactions between standing genetic variation, in particular because of negative frequency-dependence, could in part also explain the discrepancies between observed and expected absolute fitness values in the ancestral population and the L28 and L11 lineages. To test for this possibility, we conducted head-to-head competitive (relative) fitness assays between L28 and L11 ([S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"}, section 1.4). In these competition assays, performed for 2 consecutive generations, both lines were initially placed at 1:1 ratios at the usual population sizes, noting that these frequency ratios between L28 and L11 were never realized during experimental evolution ([Fig 5B](#pgen.1007731.g005){ref-type="fig"}). The results from the competition assays are qualitatively similar to those under non-competitive conditions ([Fig 6D](#pgen.1007731.g006){ref-type="fig"}, compare with [Fig 6C](#pgen.1007731.g006){ref-type="fig"}). Non-transitive interactions between L28 and L11 therefore do not appear to be significant in explaining differences between observed and inferred fitness values.

Besides the uncertainty in estimating the frequency of segregating lineages, the discrepancy between observed and expected ancestral and lineage fitness can be explained by how well the parameterization of the reaction norms is done. For example, in the linear model variance in fitness as a function of salt levels must be strictly correlated while in the quadratic model the extra parameter allows the variance in fitness to differ between salt levels. Since power to infer fitness at low salt is generally weak, predictions with the quadratic model will necessary be less precise.

Gradual environmental change hinders adaptation to high salt {#sec008}
------------------------------------------------------------

So far, our experiments and modeling demonstrate that the population genetic dynamics under different rates of environmental change are contingent on the GxE fitness variance present in the ancestral population. We found that lineage L28 is the best genotype in high salt, and therefore--assuming no *de novo* mutation or recombinants--adaptation can be hindered under slow rates of environmental change if the loss of this lineage by genetic drift or founder effects is more probable than under fast rates of environmental change (see [Introduction](#sec001){ref-type="sec"} and [Fig 1A](#pgen.1007731.g001){ref-type="fig"}). From our model, we expect the L28 frequency in the ancestral population and in the gradual populations at generation 35 to be negligible ([Fig 5](#pgen.1007731.g005){ref-type="fig"}). The model assumes deterministic frequency dynamics and infinite population sizes and thus cannot be verified with the experimental data, since, for example, some of the replicate gradual populations could have lost L28 by the time they reached generation 35. Although some of the region-wide haplotypes constituting the L28 lineage are observed in the 4 replicate gradual populations at generation 35 ([S5](#pgen.1007731.s006){ref-type="supplementary-material"}--[S7](#pgen.1007731.s008){ref-type="supplementary-material"} Figs), they not only are at low frequencies but could also be detected as part of other lineages ([S8 Fig](#pgen.1007731.s009){ref-type="supplementary-material"} and [S2 Table](#pgen.1007731.s020){ref-type="supplementary-material"}).

To address if genetic drift and founder effects can be implicated in the loss L28 under slower rates of environmental change, we revived frozen stocks from the 7 replicate gradual populations at generation 35 (Figs [1B](#pgen.1007731.g001){ref-type="fig"} and [7A](#pgen.1007731.g007){ref-type="fig"}), and performed a new set of evolution experiments at two different population size regimes, 10^4^ and 2·10^3^, for 30 generations in constant high salt ([Fig 7A](#pgen.1007731.g007){ref-type="fig"}, see [Materials and Methods](#sec014){ref-type="sec"} and [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} section 1.5). In this second set of experiments, we refer to each of the 7 gradual populations as ancestrals \#1--7 ([S1 Table](#pgen.1007731.s019){ref-type="supplementary-material"}).

![Prior gradual evolution can restrict future adaptation to high salt.\
(A) Experimental evolution design at different population sizes. Seven gradual populations at generation 35 become the ancestors (colored dots) for continued evolution in constant 305 mM NaCl for an extra 30 generations under large (green) and small (blue) population sizes. Populations were pool-genotyped for 18 SNPs differentiating L28 from all other segregating lineages, after 15 and 30 generations (arrows' heads). (B-E) Trajectories for the replicate populations under large and small population sizes, from the seven ancestor populations. These trajectories are based on principal component (PC) analysis of allele frequency data, with the two first axis accounting for more than 70% of the variance (see [S16](#pgen.1007731.s017){ref-type="supplementary-material"} and [S17](#pgen.1007731.s018){ref-type="supplementary-material"} Figs). Red crosses indicate the likely position of the L28 lineage in this PC space. Analysis of the probability of a sweep by L28 in each population is shown in [S17 Fig](#pgen.1007731.s018){ref-type="supplementary-material"}. Data available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.76n6f7c> \[[@pgen.1007731.ref054]\].](pgen.1007731.g007){#pgen.1007731.g007}

Two main factors, prior genetic drift or selection, could lead to differences in the adaptive responses observed from each of the new ancestral populations, as well as between population size regimes. First, the best high salt lineage determined from the first set of evolution experiments, L28, may have been lost by genetic drift before the second set of experiments started. The freezing and reviving process of the populations could also have resulted in L28 loss; in this case a population size bottleneck would cause a founder effect for the second set of experiments. The second factor is that the efficacy of selection on the best lineages should be lower because of stronger genetic drift in small populations \[[@pgen.1007731.ref022]\].

At two time points during this second set of evolution experiments, a small number of SNPs across the genome were genotyped in pools of individuals, chosen to maximize the ability to distinguish lineage L28 in large samples ([S14](#pgen.1007731.s015){ref-type="supplementary-material"} and [S15](#pgen.1007731.s016){ref-type="supplementary-material"} Figs). We then calculated the probability of a L28 sweep under the inferred fitness reaction norms of segregating lineages found above, given the pooled genotyping data ([S1 Textsection](#pgen.1007731.s001){ref-type="supplementary-material"} 1.12, [S16](#pgen.1007731.s017){ref-type="supplementary-material"} and [S17](#pgen.1007731.s018){ref-type="supplementary-material"} Figs). Under our genotyping protocol and analysis, an L28 sweep does not imply its fixation during the time frame of experimental evolution--indeed, with deterministic dynamics we predict that after 30 generations at high salt L28 frequency would only reach 50% ([Fig 5](#pgen.1007731.g005){ref-type="fig"})--nor are we able to determine if lineages other than L28 sweep through the populations.

We found that the evolutionary responses from the 7 ancestral populations fell into four distinct categories ([Fig 7](#pgen.1007731.g007){ref-type="fig"}). The first category demonstrates the consequences of a founder effect on adaptation to high salt since the L28 lineage did not sweep through any population ([Fig 7B](#pgen.1007731.g007){ref-type="fig"} and [S16](#pgen.1007731.s017){ref-type="supplementary-material"} and [S17](#pgen.1007731.s018){ref-type="supplementary-material"} Figs). Yet, from at least the first two ancestrals, another unidentified lineage appears to have responded more rapidly at large population sizes than at small population sizes, a result indicating higher selection efficacy at larger population sizes. From the third ancestral, we can only conclude that the L28 lineage was lost before starting the second set of experiments.

A second category of responses more directly illustrates the effects of genetic drift on adaptation ([Fig 7C](#pgen.1007731.g007){ref-type="fig"}). From the fourth ancestral, the L28 lineage swept rapidly in the high population size regime, while at smaller population sizes the response was more restricted and L28 probably lost during evolution in high salt.

The third category also illustrates the effects of genetic drift to adaptation, although in the opposite sense ([Fig 7D](#pgen.1007731.g007){ref-type="fig"}). From the fifth and sixth ancestrals, we find that the L28 lineage swept in a fraction of the populations, but exclusively in those with small population sizes. This seemingly puzzling result can be explained if one postulates that, together with L28, the ancestor populations segregated at a relatively high frequency other unidentified lineages that were almost as fit as L28 in high salt (such as lineage 13, see [S8 Fig](#pgen.1007731.s009){ref-type="supplementary-material"}). Interference at large population sizes could have transiently kept L28 at a lower frequency than that expected \[[@pgen.1007731.ref027]\], possibly promoting its extinction by genetic drift \[[@pgen.1007731.ref028], [@pgen.1007731.ref029]\]. In contrast, at small population sizes the loss of high fit lineages (or maintenance at very low frequencies) by genetic drift might have in turn freed selection to sometimes favor L28 unconstrained.

Despite population size regime, all populations derived from the seventh ancestral showed rapid sweeping of L28 ([Fig 7E](#pgen.1007731.g007){ref-type="fig"}). This indicates that L28 was initially at a relatively high frequency in the seventh ancestor, when compared to the fourth ancestor (where L28 rapidly sweep only in the large population). At generation 35 of gradual experimental evolution, we observed that one of the constituent region-wide haplotypes of L28 was present in the seventh ancestor, while absent in the fourth ancestor, in line with the expected initial frequency differences in L28 between them ([S5](#pgen.1007731.s006){ref-type="supplementary-material"}--[S7](#pgen.1007731.s008){ref-type="supplementary-material"} Figs). However, without further genome-wide SNP sampling at high densities and sizes, we cannot assess how prior gradual evolution impacted L28 frequency for continued experimental evolution in constant high salt ([S16](#pgen.1007731.s017){ref-type="supplementary-material"} and [S17](#pgen.1007731.s018){ref-type="supplementary-material"} Figs).

Discussion {#sec009}
==========

Summary of findings {#sec010}
-------------------

Adaptation to extreme environments under different rates of environmental change is expected to depend on ancestral GxE fitness variance and thus on the shape of fitness reaction norms and relative frequencies of extant genotypes. Ignoring the input from *de novo* mutations and of new recombinant genotypes during adaptation, our experiments in a gradually changing environment show that genotypes initially favored by selection are later selected against when they are overtaken by better genotypes as the environment becomes more extreme. Further, because adaptation to intermediate environments during gradual evolution decreases the frequencies of the genotypes that are most adapted to the extreme environments, these best genotypes can be lost before populations reach such extreme environments.

Detecting selection during experimental evolution {#sec011}
-------------------------------------------------

During the last decade there has been a substantial effort in the development of inference methods to detect selection on DNA sequence diversity during experimental evolution \[[@pgen.1007731.ref030]--[@pgen.1007731.ref032]\], although no prior work has explicitly dealt with changing environments. Without directly assaying fitness of each individual genotype, our approach allowed us to infer the distribution of standing GxE fitness variance, inference of both genotype frequencies and the genotypic effects across an environmental (salt) gradient. Based on the inferred distribution we could have predicted the outcome of selection under any rate of environmental change, although we only explored the experimental evolution regimes that were actually performed. Future studies could therefore investigate how different distributions of ancestral GxE fitness variance--in the amount of diversity and shape of reaction norms--determine the loss of genetic variance during environmental change and, for example, the mean population fitness lag load \[[@pgen.1007731.ref002], [@pgen.1007731.ref011]\]. Our preliminary results indicate that independently of the specific parameterization of fitness reaction norms, slower environmental change transiently results in maladaptation and ultimately delays adaptation. Reaction norms with more flexible parameterizations, however, seem to generate complex fitness variance dynamics, presumably because genotypes favored at early periods can become neutral at other periods and then again positively selected at later periods. For example, the loss of fitness variance at intermediate salt levels is more pronounced under linear than quadratic functions, although by generation 50 the mean population fitness is actually higher under the linear than the quadratic model. Despite our approach allowing for arbitrary parameterizations of the reaction norms, one can of course argue that the decision to model particular reaction norm shapes should first hinge on an understanding of individual development and physiology in the relevant environments.

The most obvious limitation of our inference method is that population size was not included as a parameter and thus we could not account for the effects of genetic drift. Such extension of the model would allow explicit predictions about the loss of genetic variance with variable population sizes and thus the probability of extinction to deteriorating environments, an especially important problem in the context of changing environments, e.g., \[[@pgen.1007731.ref033]\]. An approach by Nené and colleagues \[[@pgen.1007731.ref034]\], focused on the case of evolution of new haplotypes in a population via mutation and positive selection in a constant environment, could perhaps be adapted to detect selection in changing environments with stochasticity. They developed a phenomenological \"delay-deterministic" model where an \"effective\" mutation rate was conditioned on the current frequency of the focal haplotype, with a given threshold mutation rate being parameterized to mimic the effects of genetic drift. Under a limited set of simulated data, the addition of the delay term to their deterministic model better reproduced the frequency dynamics and produced better estimates of selection coefficients. We anticipate, however, that methods explicitly accounting for stochasticity, for example Bayesian models estimated using MCMC techniques, will be necessary in order to manage computational constraints and allow for hypothesis testing and model fit evaluation.

Another future extension of our approach should be to apply it to outcrossing haploids and diploids. The model could be adapted to account for mating and recombination by finding genomic regions at high to complete linkage disequilibrium during the relative short periods of experimental evolution and treating them as we did here the "region-wide haplotypes" (RWH). But expanding our model with recombination represents a considerable challenge since it requires characterizing the degree of polygenicity for fitness \[[@pgen.1007731.ref021]\] and whether or not accounting for dominance and epistasis is necessary \[[@pgen.1007731.ref035]\]. With selection on new genotypes generated by recombination, as with *de novo* mutation, adaptive rates may increase if it takes longer for a population to reach extreme environments. The net effect of loss of genotypes during adaptation to intermediate environments and the production of new genotypes by recombination is not immediately clear \[[@pgen.1007731.ref011]\], and thus reconciling experimental evolution results that depend on standing genetic variation with and without recombination with those where adaptation occurs from *de novo* mutation is a major future task.

Adaptation from *de novo* mutation and from standing genetic variation {#sec012}
----------------------------------------------------------------------

Experimental evolution studies with microbes that depend on *de novo* mutation suggest that adaptive gains become smaller with each mutational event, and therefore that adaptation involves diminishing-returns epistasis for fitness \[[@pgen.1007731.ref036], [@pgen.1007731.ref037]\]. Microbial experiments further indicate that slower environmental change allows more time for the exploration of mutational "space" and the possibility to fix mutations at intermediate environments that predispose subsequent fixation of additional mutations at more extreme environments. Such outcomes should depend on the empirical fitness relationship between alleles related by single mutational steps \[[@pgen.1007731.ref038], [@pgen.1007731.ref039]\]. In the study of Gorter and colleagues \[[@pgen.1007731.ref010]\], under some stressors, slow environmental change retarded adaptation but not the fitness gains in the most extreme environments. In the study of Lindsey and colleagues \[[@pgen.1007731.ref040]\] the populations that survived a sudden environmental change had higher fitness than those that survived a more gradual change, suggesting, just as in our experiments from standing genetic diversity, a key role of GxE fitness interactions. In changing environments, GxE fitness interactions appear to be sufficient to explain adaptation to extreme environments when evolution occurs from standing genetic variation (without recombination), while both GxE interactions and epistasis are important when evolution occurs from *de novo* mutation. Clearly, we were unable to determine if epistasis played a role in adaptation since, by definition, there was only selection between non-recombining genotypes.

Little theoretical work has focused on understanding the population genetics of adaptation from standing genetic variation in changing environments. An exception is the study by Matuszewski and colleagues \[[@pgen.1007731.ref011]\], which explored the distribution of fitness effects of fixed alleles starting from standing variation, and with mutational input, under a moving trait under stabilizing selection and epistasis for fitness. The trait was modeled as polygenic with additive interactions between alleles (effectively a biallelic infinite-site and continuum of alleles model), with recombination rates following a Poisson distribution and cross-overs a uniform position along the genome. Matuszewski and colleagues found that populations facing a fast environmental change show larger trait changes than those facing a slow environmental change, due to increases in both the expected number of fixations and the expected trait effect per allele substitution. Although they did not analyze situations of an abrupt environmental change under complete linkage (no recombination), as in our sudden evolution experiments, they nonetheless predicted a higher number of fixations under faster environmental change, and that adaptation would be deterred under slower environmental changes. Matuszewski and colleagues further found that while fast environmental change eliminates sets of *de novo* mutations, it also helps to keep standing genetic variation until it can be picked up by selection. On the other hand, under slow environmental change, most large effect alleles are already eliminated by genetic drift (or stabilizing selection) before they could contribute to adaptation.

Although the mathematical assumptions of the model of Matuszewski and colleagues do not closely match our experimental conditions, some of their predictions are consistent with the results obtained. We found that slower environmental change allows populations to maintain more genotypes for longer than faster environmental change, and that this can compromise adaptation. Besides loss by genetic drift, one reason for compromised adaptation is that when fitness reaction norms cross, the fitness variance is reduced and adaptive rates diminished \[[@pgen.1007731.ref016]\]. Previous demography, form of selection and degree of environmental variability will determine standing levels of genetic variation and thus from where along the environmental gradient adaptation will ensue \[[@pgen.1007731.ref005]\] ([Fig 1](#pgen.1007731.g001){ref-type="fig"}). If the population has already exhausted standing GxE variance, then the rate of environmental change will not affect the loss of relevant genotypes simply because they are not present in the population.

Selective "interference" is yet another process that could in part determine hindered adaptation under slower environmental change, and that could also explain why the best genotype was not favored at high population sizes in some of the high salt continued evolution experiments. In this scenario, since slower environmental change can promote the maintenance of polymorphism for longer periods, it is possible that reduced selection efficacy on the best genotypes kept them at low frequencies and caused in turn their loss by genetic drift before populations reached the most extreme environment. With recombination, interference between the best genotypes should be diminished \[[@pgen.1007731.ref028], [@pgen.1007731.ref029], [@pgen.1007731.ref041]\], and hence adaptation to the extreme environments will probably not be constrained as when there is limited recombination. Selective interference has been theoretically and empirically studied for microbial evolution experiments in constant environments where the mutational supply is high enough for competing asexual lineages to interfere with each other and retard fixation of the best mutations \[[@pgen.1007731.ref042], [@pgen.1007731.ref043]\]. Other findings posit an important role for interference and stochasticity in maintaining the long-term standing genetic variation in sexual organisms \[[@pgen.1007731.ref029], [@pgen.1007731.ref041]\], in particular those reproducing by self-fertilization and with greatly reduced effective recombination rates \[[@pgen.1007731.ref044], [@pgen.1007731.ref045]\]. However, the importance of interference between beneficial genotypes and stochasticity in promoting their loss in changing environments remains to be explored.

Conclusion {#sec013}
----------

Understanding the outcome of selection in changing environments is complicated because the historical sequence of population genetic changes, recombination and mutational input will determine the way populations respond later in evolution. Since our experimental design used fixed standing genetic variation, with little opportunity for new mutations or recombinants, we were able to examine in isolation the interaction between the sequence of environmental change and the ancestral variation in fitness reaction norms. We demonstrated that under gradual environmental change the genotypes most adapted to the extreme environments do not rise to high frequency during the early periods at less extreme environments. This then opens the door for stochastic loss of genotypes by genetic drift and founder effects, as revealed by our continued evolution experiments. Ultimately, the combination of these processes results in greater adaptation under faster environmental change.

Materials and methods {#sec014}
=====================

Experimental evolution in changing salt environments {#sec015}
----------------------------------------------------

All populations employed are ultimately derived from a hybrid population of 16 wild isolates \[[@pgen.1007731.ref019]\], followed by 140 generations of laboratory domestication to a 4-day non-overlapping life-cycle under partial self-fertilization (self-fertilization) at census sizes of N = 10^4^ at the time of reproduction \[[@pgen.1007731.ref015], [@pgen.1007731.ref019]\], and introgression and homozygosity of the *xol-1(tm3055)* sex determination mutant allele at high populations sizes for 16 generations to generate an ancestral population capable of reproduction only by self-fertilization \[[@pgen.1007731.ref018]\]. Experimental evolution in changing environments has been previously reported ([Fig 1B](#pgen.1007731.g001){ref-type="fig"}, \[[@pgen.1007731.ref018]\]). Large samples of the ancestral population were revived from frozen samples \[[@pgen.1007731.ref046]\], expanded in numbers and first larval staged (L1s) individuals seeded at the appropriate densities to three regimes. The "sudden" regime was characterized by the same conditions to which previous lab-adaptation occurred, except that the NGM-lite media (US Biological) where worms grew was supplemented with NaCl (305 mM) from the start and for 50 generations (4 replicate populations; [S1 Table](#pgen.1007731.s019){ref-type="supplementary-material"}). For the "gradual" regime plates were supplemented with increasing concentrations of NaCl from 33 mM at generation 1 to 305 mM NaCl at generation 35 and onwards until generation 50 (7 replicate populations). A "control" regime was maintained in the ancestral environmental conditions without any salt supplement (3 replicates). Individual hermaphrodites from the ancestor population and generation 10, 35 and 50 from the sudden, gradual and control populations were handpicked for genotyping.

Experimental evolution in constant high salt at different population sizes {#sec016}
--------------------------------------------------------------------------

All 7 replicate populations from the gradual regime at generation 35 were revived from frozen stocks, expanded in numbers for two generations, and then split into two regimes: large population sizes of N = 10^4^ and small population sizes of N = 2·10^3^ at the time of reproduction ([Fig 7A](#pgen.1007731.g007){ref-type="fig"}). From each of the 7 gradual populations at generation 35, one replicate was maintained at large population sizes and three replicates were maintained at small population sizes. All populations were kept at constant 305 mM NaCl for 30 generations. Over 10^3^ L1s were collected per population at generation 15 and 30, for pool-genotyping.

Ancestral population fitness assays {#sec017}
-----------------------------------

The ancestral population was thawed from frozen stocks and individuals reared for two generations at 25 mM NaCl before they were exposed to the three salt treatments: 25 mM, 225 mM or 305 mM NaCl ([Fig 6](#pgen.1007731.g006){ref-type="fig"}). Following the usual culture protocol during experimental evolution, on the third generation, five Petri dishes per NaCl treatment were seeded each with 10^3^ L1s. These five plates constituted one technical replicate, and there were four for each salt treatment. After 66 h, individuals were harvested and exposed to a 1 M KOH:5% NaOCl solution (to which only embryos survive). After 16 h, debris was removed and the total number of live L1s estimated by repeated sampling of small volumes.

Statistical analysis was done based on the log-transformed per-capita L1-to-L1 growth rate values, using a linear model with the assay environment as a categorical variable. For this, the assay environment for the *i*-th measurement is denoted as *E*~*i*~, and given by: *E*~*i*~ = 0, for 25 mM NaCl; *E*~*i*~ = 1, for 225 mM NaCl and *E*~*i*~ = 2, for 305 mM NaCl. In this way, the 25 mM NaCl is taken as the reference environment. The model then takes the form: $$\xi_{i} = \beta\left( E_{i} \right) = \beta_{0} + \beta_{1}\mathbb{I}\left( {E_{i},1} \right) + \beta_{2}\mathbb{I}\left( {E_{i},2} \right)$$ where $\mathbb{I}\left( {E_{i},j} \right)$ is the indicator function: $$\mathbb{I}\left( {E_{i},j} \right) = \left\{ \begin{matrix}
{1,\ if\ E_{i} = j} \\
{0,\ otherwise} \\
\end{matrix} \right.$$ and *β*~0~, *β*~1~ and *β*~2~ are coefficients to be estimated.

The data was analyzed in R \[[@pgen.1007731.ref047]\], using the following formula to specify the model in the *lm* function:

log(growthRate) \~ saltTreatment

Least-square estimates of the expected log-growth rates in each of the three assay environments were then obtained using the R package *lsmeans* \[[@pgen.1007731.ref048]\]. Note that for inferring fitness reaction norms only the ancestral fitness estimates at 25 mM and 305 mM were used (see below).

Identification of L28 and L11 lineages {#sec018}
--------------------------------------

During experimental evolution in changing environments, one lineage (whole-genome haploid haplotype) swept through the sudden populations, while another lineage was initially sweeping though the gradual populations when they were at intermediate salt concentrations ([Fig 5](#pgen.1007731.g005){ref-type="fig"}). From two gradual populations at generation 50, we derived in \[[@pgen.1007731.ref021]\], by repeated single hermaphrodite self-fertilization for \>10 generations, 100 "lines" which were the whole-genome sequenced. Comparing the \>300k SNPs in the lines with the 761 SNPs collected during experimental evolution (see below), we identified lines L28 and L11 as representatives of the lineages predicted to explain the experimental population dynamics ([S11 Fig](#pgen.1007731.s012){ref-type="supplementary-material"} and [S2 Table](#pgen.1007731.s020){ref-type="supplementary-material"}).

L28 and L11 fitness assays under non-competitive conditions {#sec019}
-----------------------------------------------------------

We also conducted absolute fitness assays for L28 and L11 ([Fig 6](#pgen.1007731.g006){ref-type="fig"}), in a similar manner and replication as for the ancestral population, except that L1-to-L1 growth rate data were collected for two generations. Statistical analysis was done based on the log-transformed per-capita L1-to-L1 growth rate values, with the value obtained for the *i*-th measurement denoted as *ξ*~*i*~. Since the data were gathered over two generations, we accounted for the potential presence of transgenerational effects by using a mixed effects model \[[@pgen.1007731.ref049]\], with environment, lineage and a transgenerational component as fixed effects, and assay block (defined by when the lineages were revived from frozen stocks) as a random effect: $$\xi_{i} = \beta\left( {E_{i},L_{i}} \right) + \alpha\left( L_{i} \right)g_{i} + \gamma\left( B_{i} \right)$$ where *E*~*i*~ denotes the assay environment (*E*~*i*~ = 0, for 25 mM NaCl; *E*~*i*~ = 1, for 225 mM NaCl and *E*~*i*~ = 2, for 305 mM NaCl), *L*~*i*~ denotes the line (L11 or L28; *L*~*i*~ = 0, for L28; *L*~*i*~ = 1, for L11), *g*~*i*~ corresponds to the transgenerational component (described below) and *B*~*i*~ is the assay block (*B*~*i*~ ∈ {1,2,3}). *E*~*i*~, *L*~*i*~ and *B*~*i*~ are categorical variables, while *g*~*i*~ is a continuous variable. In this model, the transgenerational value *g*~*i*~ is given by: $$g_{i} = \left( \frac{c_{i} - 25}{305 - 25} \right)\left( {t_{i} - 1} \right)$$ where *c*~*i*~ is the NaCl concentration, in mM, and *t*~*i*~ ∈ {1,2} is the generation assayed. The various terms of the model correspond to: i) *β*(*E*~*i*~,*L*~*i*~), the statistical interaction between environment and line; ii) *α*(*L*~*i*~), the line-dependent transgenerational effect; and iii) the intercept-based effect of block.

The data was analyzed in R \[[@pgen.1007731.ref047]\], using the following formula to specify the model in function *lmer* from package *lme4* \[[@pgen.1007731.ref049]\]:

log(growthRate) \~ saltTreatment \* line + line \* tGenComp + (1 \| block)

With the R package *lsmeans* \[[@pgen.1007731.ref048]\] being then used to obtain estimates of interest:

-   expected log-growth rates L28 and L11 in each of the three assay environments:

\~ saltTreatment \* line

-   expected selection coefficient of L28 relative to L11:

pairwise \~ line \| saltTreatment

In both cases, the estimates obtained do not include contributions of transgenerational effects (by evaluating the model at *g*~*i*~ = 0, via parameter tGenComp = 0).

L28 and L11 fitness assays under competitive conditions {#sec020}
-------------------------------------------------------

L28 and L11 were further assayed in head-to-head competitions ([Fig 6D](#pgen.1007731.g006){ref-type="fig"}). Lineages were revived and reared for two generations at 25 mM NaCl before they were set up at three NaCl concentrations: 25 mM, 225 mM and 305 mM. On the third generation, L1 larvae from the two lineages were mixed in 1:1 ratio, at a density of 10^3^ L1s in each of two Petri dishes per replicate assay. Each replicate assay was maintained for two generations. At both the assay generations, L1 samples were collected for pool-genotyping of single nucleotide polymorphisms (SNPs). Assays were performed in three blocks, with 3 replicates per salt concentration in each of two blocks, and 4 replicates in the third block. The data for analysis was based on the L28 and L11 SNP frequency values obtained after doing calibration curves where the ratio of both lines was known ([S12 Fig](#pgen.1007731.s013){ref-type="supplementary-material"}). For analysis, the estimated frequencies for L28 were forced to be in the interval (0.005, 0.995).

To estimate relative fitness we calculated the selection coefficients of L28 with respect to L11, for the three assay environments considered, using a mixed effects model per SNP \[[@pgen.1007731.ref049]\]. Each model included salt treatment and generation as fixed effects, and replicates as a random effect: $$y_{i} = \beta_{0} + \alpha\left( E_{i} \right)\ t_{i} + \gamma\left( R_{i} \right)$$ where *y*~*i*~ is the logarithm of odds-ratio of the L28 allele: $$y_{i} = {\log\left( {p_{i}/\left( {1 - p_{i}} \right)} \right)}$$ where *E*~*i*~ denotes the assay environment (*E*~*i*~ = 0, for 25 mM NaCl; *E*~*i*~ = 1, for 225 mM NaCl and *E*~*i*~ = 2, for 305 mM NaCl), *t*~*i*~ denotes the generation, and *R*~*i*~ is the replicate (*R*~*i*~ ∈ {1,2,⋯,30}).

The data was analyzed in R \[[@pgen.1007731.ref047]\], using the following formula to specify the model in function *lmer* from package *lme4* \[[@pgen.1007731.ref049]\]

log(OdssRatioL28Allele) \~ generation : saltTreatment + (1 \| replPop)

The selection coefficients in each of the three assay environments were obtained via the point estimates for the corresponding parameters of the model.

Genotyping during experimental evolution in changing salt environments {#sec021}
----------------------------------------------------------------------

Individual L4 genomic DNA was prepared with the ZyGEM prepGEM Insect kit following \[[@pgen.1007731.ref020]\]. A total of 925 biallelic SNPs across the genome were assayed by iPlex Sequenom MALDI-TOF methods \[[@pgen.1007731.ref050]\]. We chose the SNPs known to segregate in the lab adapted population, following \[[@pgen.1007731.ref021]\]. Due to the limited amount of genomic DNA, each individual was assayed for two of the six *C*. *elegans* chromosomes, each pair of chromosomes being referred to as a region (chromosomes I and II: region 1; III and IV: region 2; V and VI: region 3). 64 L4s from the ancestral population and 16 L4s from each of the evolved populations at generations 10, 35 and 50 were sampled per region (3 replicate control populations, 4 replicate sudden, 4 replicate gradual).

Quality control was based on discarding SNPs with a high frequency of heterozygous calls, SNPs with a high frequency of genotyping failures (\> 30%), and individuals in which many SNPs failed genotyping (\> 25%). The 761 SNPs that passed quality control were imputed into chromosome-wide haplotypes using *fastPHASE* \[[@pgen.1007731.ref051]\].

Genotyping during experimental evolution in high salt at two population sizes {#sec022}
-----------------------------------------------------------------------------

Genomic DNA from pooled samples was prepared using the Qiagen Blood and Tissue kit, and genotyped for 84 SNPs in chromosomes I, IV and V, using the iPlex Sequenom methods in 3 technical replicates for each SNP assay. In parallel, pooled gDNA was prepared to calibrate SNP L28 allele frequencies when mixed with L11 or the ancestor population at several known proportions (8--14 technical replicates each). After quality control, we retained 29 SNPs, 18 of which differentiating L28 and L11. We interpolated expected L28 frequencies from the calibration curves ([S14 Fig](#pgen.1007731.s015){ref-type="supplementary-material"}), using Levenberg-Marquardt algorithm in R package *minpack*.*lm* \[[@pgen.1007731.ref052]\]. For the principal component analysis of the matrix containing the frequency of the alternative alleles in each sample ([Fig 7](#pgen.1007731.g007){ref-type="fig"}), the function `prcomp` in R was used.

Modeling selection in changing salt environments {#sec023}
------------------------------------------------

We model an asexual population of a haploid organism, and consider deterministic environmental and population dynamics, discrete non-overlapping generations and viability selection, with the only environmentally-relevant variable being the NaCl concentration. We assume an infinite population size, such that any given lineage (genome-wide haploid haplotype) never goes extinct, and that there are no density- or frequency-dependencies, and that transgenerational effects are absent.

Following for example ref. \[[@pgen.1007731.ref025]\], a population is composed of *G* lineages, such that the frequency of the *k*-th lineage in generation *t* + 1, denoted by $g_{k}^{({t + 1})}$, is given by: $$g_{k}^{(t + 1)} \propto \lambda_{k}\left( {x\left( {t + 1} \right)} \right)\ g_{k}^{(t)}$$ where *x*(*t*) is the environment value faced in generation *t*, and *λ*~*k*~(*x*) the expected number of live offspring produced by lineage *k* when faced with the environment *x*. The function *λ*~*k*~(*x*) thus defines the fitness reaction norm for lineage *k*.

Following the genotyping setup, the genome is divided into *L* non-overlapping regions, and we refer to the haplotype in a region as a region-wide haplotype (RWH). A "lineage" *k* is described by a tuple *S*~*k*~, indicating the RWHs in each region, such that *S*~*k*~ = (*l*~*k*,1~,*l*~*k*,2~,⋯,*l*~*k*,*L*~), and where *l*~*k*,*i*~ is the RWH located in region *i* in lineage *k*. We assume that the fitness reaction norm of a lineage is an additive function of the fitness reaction norms of the RWHs in that lineage such that: $$\xi_{k}\left( x \right) = {\log\left( {\lambda_{k}\left( x \right)} \right)} = {\log\left( {\lambda\left( x \middle| {\Theta,S_{k}} \right)} \right)} = {\sum_{\mathbf{l} \in \mathbf{S}_{\mathbf{k}}}{f\left( x \middle| \theta_{l} \right)}},f\left( x \middle| \theta_{l} \right) \in \mathbb{R}$$ where Θ is a vector of parameters for the region-wide haplotypes, *θ*~*l*~ the parameters for RWH *l*, and *f*(*x*\|*θ*~*l*~) the parametric function describing the fitness reaction norm for a single RWH. We here consider *f*(*x*\|*θ*~*l*~) to be a linear *f*(*x*\|*θ*~*l*~) = *a*~*l*~*x* + *b*~*l*~, such that *θ*~*l*~ = (*a*~*l*~,*b*~*l*~) or quadratic function *f*(*x*\|*θ*~*l*~) = *a*~*l*~*x*^2^ + *b*~*l*~*x* + *c*~*l*~, such that *θ*~*l*~ = (*a*~*l*~,*b*~*l*~,*c*~*l*~) of the environmental value *x*.

Given genotyping data at *H* time-points plus the ancestral, we consider distinct epochs of the experimental evolution, evaluated at generations *T*~0~,*T*~1~,⋯,*T*~*H*~ (such that *T*~0~ = 0, *T*~1~ = 10, *T*~2~ = 35 and *T*~3~ = 50). To denote the epoch to which a certain variable corresponds, a superscript inside square brackets is used. For a single population, the frequency of lineage *k* in epoch *h*, denoted by $g_{k}^{\lbrack h\rbrack}$, follows from the frequencies of the lineages in the previous epochs: $$g_{k}^{\lbrack h\rbrack} \propto {\mathit{\exp}\left( {\sum_{t = 1 + T_{h - 1}}^{T_{h}}{\xi_{k}\left( {x\left( t \right)} \right)}} \right)}g_{k}^{\lbrack{h - 1}\rbrack},\ h = 1,2,\cdots,H$$ where *x*(*t*) is the environment faced in generation *t*.

The ancestral population, consisting of *G li*neages, is described by two variables: *A* = (*S*~1~,*S*~2~,⋯,*S*~*G*~), corresponding to the RWHs present in each lineage; and $g^{\lbrack 0\rbrack} = \left( {g_{1}^{\lbrack 0\rbrack},g_{2}^{\lbrack 0\rbrack},\cdots,g_{G}^{\lbrack 0\rbrack}} \right)$, specifying the frequency of each lineage (such that $\sum_{k = 1}^{G}{g_{k}^{\lbrack 0\rbrack} = 1}$).

Inference of lineage fitness reaction norms {#sec024}
-------------------------------------------

For inferring the lineage fitness reaction norms, *λ*~*k*~(*x*), we consider that *A* and *g*^\[0\]^ are known. Since this is not the case in the analysis of the experimental data, we sample the pair (*A*,*g*^\[0\]^), given the experimental data, and then estimate the RWH parameters Θ, repeating these two steps multiple times (sections 1.7.6 and 1.7.7 of the [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"}).

Under the population genetics model used, all replicate populations within a single evolutionary regime *c* have the same dynamics of the lineage frequencies $g_{k}^{\lbrack h\rbrack}$. Let $X_{c} = \left( {X_{c}^{\lbrack 1\rbrack},X_{c}^{\lbrack 2\rbrack},\cdots,X_{c}^{\lbrack H\rbrack}} \right)$ denote the sequence of environmental values in regime *c*, where $X_{c}^{\lbrack h\rbrack} = \left( x\ \left( t_{1}^{\lbrack h\rbrack} \right),x\ \left( t_{2}^{\lbrack h\rbrack} \right),\cdots,x\ \left( t_{T_{h} - T_{h - 1}}^{\lbrack h\rbrack} \right) \right),\ t_{i}^{\lbrack h\rbrack} = i + T_{h - 1}$. Inference is framed in a maximum likelihood context, with contributions from each evolutionary regime, given the fitness and genotyping data. We consider without loss of generality that fitness and genotyping data are available for all epochs *T*~0~,*T*~1~,⋯,*T*~*H*~ for each regime. The case in which data is available only for certain epochs is treated by evaluating the corresponding likelihood function only for those epochs. The [S1 Text](#pgen.1007731.s001){ref-type="supplementary-material"} details how the input data, at the level of the replicate populations, is converted to that at the level of each regime.

Let $W_{c} = \left( {W_{c,1},W_{c,2},\cdots,W_{c,N_{E}}} \right)$ denote the fitness data on regime *c*, with *N*~*E*~ assay environments, with *x*~*m*~ being the environmental value, and $\phi_{c,m}^{\lbrack h\rbrack}$ the observed population-averaged fitness value of a population from regime *c* in epoch *h* in the *m*--th assay environment. We assume a log-normal model for noise in the observed values $\phi_{c,m}^{\lbrack h\rbrack}$. The log-likelihood for the RWH parameter vector Θ given the fitness data on regime *c* is then: $$L_{W}\left( \Theta \middle| W_{c},X_{c},A,g^{\lbrack 0\rbrack} \right) \propto - {\sum_{h = 0}^{H}{\sum_{m = 1}^{N_{E}}{{log}^{2}\left( {\frac{1}{\phi_{c,m}^{\lbrack h\rbrack}}{\sum_{k = 1}^{G}{\lambda_{k}\left( x_{m} \right)g_{k}^{\lbrack h\rbrack}}}} \right)}}}$$

Let $D_{c} = \left( {D_{c}^{\lbrack 1\rbrack},D_{c}^{\lbrack 2\rbrack},\cdots,D_{c}^{\lbrack H\rbrack}} \right)$ be the genotyping data on regime *c* (note that it does not include the data on the ancestral), such that $D_{c}^{\lbrack h\rbrack} = \left( {n_{{c,l}_{1}}^{\lbrack h\rbrack},n_{{c,l}_{2}}^{\lbrack h\rbrack},\cdots,n_{{c,l}_{M}}^{\lbrack h\rbrack}} \right)$, where $n_{c,l}^{\lbrack h\rbrack}$ is the number of copies of RWH *l* that were observed in epoch *h* in regime *c*. Then, the log-likelihood given the genotyping data on regime c is given by: $$L_{D}\left( \Theta \middle| D_{c},X_{c},A,g^{\lbrack 0\rbrack} \right) \propto {\sum_{h = 1}^{H}{\sum_{l}{n_{c,l}^{\lbrack h\rbrack}\ {{log}\ \left( {{\sum_{k = 1}^{G}{\mathbb{I}\left( {l,S_{k}} \right)}}g_{k}^{\lbrack h\rbrack}} \right)}}}}$$ where $\mathbb{I}\left( {l,S_{k}} \right)$ is an indicator function, equal to 1 if lineage *k* has RWH *l*, or equal to 0 otherwise.

Considering all evolutionary regimes *C*, the log-likelihood is then obtained by combining Eqs \[[4](#pgen.1007731.e021){ref-type="disp-formula"}\] and \[[5](#pgen.1007731.e025){ref-type="disp-formula"}\]: $$\sum_{c \in C}{L_{W}\left( \Theta \middle| W_{c},X_{c},A,g^{\lbrack 0\rbrack} \right) + L_{D}\left( \Theta \middle| D_{c},X_{c},A,g^{\lbrack 0\rbrack} \right)}$$ Model fitting is then performed by maximizing Eq \[[6](#pgen.1007731.e027){ref-type="disp-formula"}\], using a gradient-based optimization algorithm, starting from random initial conditions.

Archiving {#sec025}
---------

All data and code for analysis has been archived in *Dryad*.*org*: doi:[10.5061/dryad.76n6f7c](https://doi.org/10.5061/dryad.76n6f7c). The archive consists of the following sets of files, each with a README.md for instructions on setting up the analysis and running the code: 1) input_data-genotp_data_NaCl.zip: raw genotyping data on the initial NaCl experiment (50 generations); 2) analysis_code-genotp_data_NaCl.zip: R code for preparing and summarizing the genotyping data on the initial NaCl experiment in changing environments. 3) input_data-growth_rate_data_NaCl.zip: raw growth-rate data on the ancestral population and the lines L28 and L11; 4) analysis_code-growth_rate_data_NaCl.zip: R code for the analysis of the growth-rate data. This is necessary for inference of the RWH parameters and the lineages, since the inference relies on fitness data on the ancestral population. 5) analysis_code-inferring_RWH_params.zip: R code for the inference of RWH parameters and the lineages, given the genotyping data during the NaCl experiment and the fitness data on the ancestral. 6) analysis_results.zip: the overall results of the analysis in the paper, which was the source for the figures; 7) input_data-genotp_data_NaCl_continuation.zip: raw genotyping data for the second set of experiments (30 generations); 8) analysis_code-genotp_data_NaCl_continuation.zip: R code for the analysis of the data on the second set of experiments.

Supporting information {#sec026}
======================

###### Detailed description of materials and methods.

(PDF)

###### 

Click here for additional data file.

###### Overview of the genotyping data for analysis.

\(A\) Histograms showing the distance between consecutive SNPs in each of the six chromosomes after quality control. Top figure shows physical distance (in kbp, see \[[@pgen.1007731.ref053]\] for gene sizes and densities in *C*. *elegans*), and bottom figure shows genetic distances (in cM, based on *C*. *elegans* genetic map of \[[@pgen.1007731.ref024]\], each chromosome with 50cM). (B) Number of individuals for which data is available within the ancestral population (M00) and within each evolved replicate population in the respective time-points; note that gradual population GM2 was not genotyped at generation 50. The numbers shown correspond to those obtained after quality control of the data. For the ancestral population, the sample size is around 3 times larger that of the evolved replicate populations.

(PNG)

###### 

Click here for additional data file.

###### Observed RWH frequencies.

\(A\) Most of the RWHs observed across all time points and population sampled are relative rare. Each panel shows the histogram with number of RWH relative to all those observed for each sub-genomic region (left to right). (B) Outline of the approach for defining the major and minor RWHs in a given replicate population; data shown for the gradual population GM1). To the left of the vertical dashed line, all those RWH that were grouped into a single "background" RWH (named H0A, H0B or H0C).

(PNG)

###### 

Click here for additional data file.

###### Pre-processing of the RWH data to be used for inference of the lineage fitness reaction norms.

\(A\) Shown is the number of RWHs classified as major and minor as a function of the number of top RWHs selected per sample. (B) Shown is the maximum observed frequency for the minor RWHs as a function of number of top RWHs selected per sample. For the selected value of 3 top RWHs per sample, the maximum frequency is around 10%. (C) For each replicate population, the RWHs are ranked based on the maximum observed frequency across the generations, with the ones attaining the highest maximum frequencies within each region being defined as primary RWHs. Results are shown for replicate population GM1, with the top 3 RWHs being defined as primary RWHs; H0A, H0B and H0C correspond to the background RWHs in the respective regions.

(PNG)

###### 

Click here for additional data file.

###### Number of possible lineages segregating in the ancestral population.

Number of lineages obtained as a function of the number of top RWHs selected as primary RWHs within each replicate population, and the number of secondary lineages sampled per replicate population.

(PNG)

###### 

Click here for additional data file.

###### Detailed RWH frequency trajectories in region 1 with linear fitness reaction norms.

The observed (in part from [Fig 3](#pgen.1007731.g003){ref-type="fig"}) and predicted frequencies of selected RWHs are shown as a function of the number of generations, in each of the replicate populations. RWHs are shown for region 1 (chromosomes I and II). Predicted frequencies when modeling linear frequency reaction norms are shown for 100 generations (assuming that the gradual populations would be kept at high salt after generation 35). Colored lines correspond to the predicted frequencies for each of the 20 sampled ancestral populations considered for inference. For simplicity, the figures show only the RWHs that are among the 2 RWHs having the largest frequencies per replicate population, considering the observed or predicted frequencies. Each RWH is shown in a single row of a given figure, while each column corresponds to a replicate population. Note that, if a given RWH has not been observed in a replicate population, only the predicted frequencies are shown.

(PNG)

###### 

Click here for additional data file.

###### Detailed RWH frequency trajectories in region 2 with linear fitness reaction norms.

As in [S5 Fig](#pgen.1007731.s006){ref-type="supplementary-material"}, but for RWHs in region 2 (chromosomes III and IV).

(PNG)

###### 

Click here for additional data file.

###### Detailed RWH frequency trajectories in region 3 with linear fitness reaction norms.

As in [S5 Fig](#pgen.1007731.s006){ref-type="supplementary-material"}, but for RWHs in region 3 (chromosomes V and X).

(PNG)

###### 

Click here for additional data file.

###### Main lineage frequency trajectories.

Shown are the predicted frequencies of the main lineages from generation 0 to generation 100 in each of the regimes (as in [Fig 5B](#pgen.1007731.g005){ref-type="fig"}). Each colored line corresponds to the predicted frequencies for a given sampled ancestral population. For each sampled ancestral population, the lineages within each treatment were ranked based on the maximum frequency observed across the 100 generations. The top 3 lineages per case were then considered, and the frequency of ancestral populations in which each lineage appeared among the top 3 lineages was computed. Note that lineages 1 and 3 correspond, respectively, to L28 and L11. Each main lineage is shown in a single column, while each row corresponds to an experimental evolution regime (assuming gradual population would be kept in high salt conditions from generation 35 onwards).

(PNG)

###### 

Click here for additional data file.

###### RWH frequency trajectories when considering quadratic fitness reaction norms.

(A-C) Left columns show that the majority of haplotypes are quickly selected against in all experimental evolution regimes (as in [Fig 3](#pgen.1007731.g003){ref-type="fig"}, background haplotypes H0\#)). Middle and right columns show the two specific haplotypes in region 1 (A), region 2 (B) or region 3 (C) showing the greatest frequency change until generation 50. Dots and error bars are the mean and one standard error of the observed haplotype frequencies among replicate populations (same as in [Fig 3](#pgen.1007731.g003){ref-type="fig"}). Lines show the inferred trajectories when RWH fitness reaction norms are modeled as quadratic, instead of linear as in [Fig 3](#pgen.1007731.g003){ref-type="fig"}. Shaded grey area corresponds to the trajectories obtained by sampling the ancestral 20 times.

(PNG)

###### 

Click here for additional data file.

###### Quadratic fitness reaction norms of the two lineages explaining population genetic dynamics.

\(A\) Predicted fitness reaction norms of the L28 (red) and L11 (blue), as in [Fig 5A](#pgen.1007731.g005){ref-type="fig"}, but modeling quadratic functions. Each line corresponds to one sample done of the ancestral population. (B) Expected L28 and L11 frequency trajectories for 100 generations (with the gradual populations being kept at high salt after generation 35). Shaded colors show the deterministic expectations based on simulating quadratic fitness reaction norms and sampling the ancestor population 20 times, with the line showing the median.

(PNG)

###### 

Click here for additional data file.

###### Expected population fitness with linear reaction norms.

The average population fitness and variance in fitness for 20 samples of the ancestral population, under the sudden or the gradual regimes, when modeling linear reaction norms for each segregating lineage. Lines indicate the mean with shaded areas the 95% credible interval.

(PNG)

###### 

Click here for additional data file.

###### Expected population fitness with quadratic reaction norms.

The average population fitness and variance in fitness for 20 samples of the ancestral population, under the sudden or the gradual regimes, when modeling quadratic reaction norms for each segregating lineage. Lines indicate the mean with shaded areas the 95% credible interval.

(PNG)

###### 

Click here for additional data file.

###### Statistics on the RWHs observed on the lines derived from replicate populations GM1 and GM3 in generation 50.

\(A\) 100 lines were derived from gradual populations (GM1 and GM3) at generation 50 and whole-genome sequenced in \[[@pgen.1007731.ref021]\]. Most of the CWHs and RWHs observed in the present study are observed as well in the lines of \[[@pgen.1007731.ref021]\]. Shown are the number of distinct CWHs and RWHs observed within each region, considering the lines derived from each replicate population (rows 1 and 2), and considering all lines (last row). (B) RWHs detected in high frequencies in the lines were also observed in the populations, having been assigned most often as major RWHs. (C) Overview of the lineages corresponding to the lines that were derived out of replicate populations GM1 and GM3 in generation 50. Shown are the number of lines corresponding to each lineage, considering each replicate population (rows 1 and 2), and both altogether (last row). The lineages are labelled based on their rank in terms of the frequency within the replicate populations. Lineages G4 and G9 correspond to L11 and L28 in \[[@pgen.1007731.ref021]\] (see also [S2 Table](#pgen.1007731.s020){ref-type="supplementary-material"}), respectively, and were observed in lines derived from both replicate populations.

(PNG)

###### 

Click here for additional data file.

###### Calibration curves for the pooled sequencing data.

Pooled sequencing data was used to estimate lineage frequencies in the head-to-head competition assays ([Fig 6D](#pgen.1007731.g006){ref-type="fig"}) and in the second set of evolution experiments ([Fig 7](#pgen.1007731.g007){ref-type="fig"}). Each entry corresponds to a single SNP analyzed, with the symbols corresponding to the observed values, while the curves correspond to the fitted calibration curves over known ratio of L28 gDNA molarity versus L11 gDNA molarity (magenta) or known ratio of L28 gDNA molarity versus the ancestral population (M00) gDNA molarity (green). The former data has been omitted in the case that L28 and L11 have the same allele for the respective SNP.

(PNG)

###### 

Click here for additional data file.

###### Differentiating L28 with pool genotyping.

Impact of a subset of SNPs in terms of the ability to distinguish all possible segregating lineages ([S4 Fig](#pgen.1007731.s005){ref-type="supplementary-material"}), contrasting the effect of considering the 29 target SNPs that were assayed in the pooled genotyping data ([Fig 6D](#pgen.1007731.g006){ref-type="fig"} and [Fig 7](#pgen.1007731.g007){ref-type="fig"}) with the full set of 761 SNPs used in the first set of evolution experiments. Shown is the number of lineages confounded with the target lineage (L28) as a function of the number of different SNPs (compared with L28). The figure is shown in a logarithmic scale in both axes. The number of lineages matching a threshold value lower than 1 corresponds to the lowest number of confounded lineages: 1 lineage, for all 761 SNPs (L28), and 10 lineages for the 29 target SNPs (L28 and 9 other lineages).

(PNG)

###### 

Click here for additional data file.

###### Discrepancy L28 function.

Shown are the discrepancy values for each ancestral population used to seed the continued experimental evolution under each of the experimental evolution regimes (large or small population size); (A) for populations where L28 was lost before continued experimental evolution, (B) for the population where L28 swept in large populations, (C) for the populations where L28 swept in some of the small populations and (D) where L28 swept regardless of population size.

(PNG)

###### 

Click here for additional data file.

###### Probability of a sweep involving lineage L28.

Estimated probability of a L28 sweep for each ancestral population used to seed the continued experimental evolution under each of the evolutionary regime (large or small population size); (A) for populations where L28 was lost before continued experimental evolution, (B) for the population where L28 swept in large populations, (C) for the populations where L28 swept in some of the small populations and (D) where L28 swept regardless of population size.

(PNG)

###### 

Click here for additional data file.

###### Experimental evolution populations analyzed in the present study.

(TXT)

###### 

Click here for additional data file.

###### Lineage identification among the 100 lines of ref. \[[@pgen.1007731.ref021]\].

(PDF)

###### 

Click here for additional data file.
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